T he cause of limited exercise capacity and dyspnea in patients with heart failure is still a matter of debate. 1, 2 Although left ventricular ejection fraction is a poor predictor of maximal exercise capacity, left ventricular diastolic function correlates better with functional status. [3] [4] [5] In contrast, in the genesis of exertional dyspnea, many data support the importance of abnormal ventilation, which is easily assessed during cardiopulmonary tests. [6] [7] [8] [9] [10] [11] [12] In several pathophysiological studies, the abnormal ventilatory pattern that characterizes advanced heart failure has been associated with pulmonary congestion due to impaired hemodynamics, or with abnormal chemoreflex and autonomic responses. [13] [14] [15] [16] [17] [18] However, precise characterization of the mechanisms of functional capacity and exertional dyspnea in the clinical setting and, more specifically, in the single patient is challenging. Invasive hemodynamic assessment at rest or during exercise cannot become a routine procedure, and chemoreflex testing remains primarily a research tool. Several methods for noninvasively determining the hemodynamic status of patients have been developed recently, and studies using these techniques are appearing, most aiming at cardiac output evaluation [19] [20] [21] with a few also examining pulmonary congestion. 22, 23 The present study analyzed the relationship between resting noninvasive hemodynamic evaluation and cardiopulmonary testing.
Methods Patients
As a preliminary phase of the study, we analyzed the data of 9 patients with chronic advanced heart failure in whom we performed invasive right hemodynamics during cardiopulmonary testing. The remaining part of the study was carried out in 190 patients with chronic systolic heart failure and without pulmonary disease (as estimated by history, routine lung function tests, and chest x-ray) who, from January 2012 to December 2014, performed a cardiopulmonary test before enrollment in our rehabilitation program. Patient characteristics are presented in Table 1 . In both groups, therapy was optimized and stable for at least 3 months before stress testing. For both groups of patients, baseline echocardiographic data and brain natriuretic peptide values are presented but we did not discuss them further in this study. Patients gave written informed consent to participate in the studies, which were approved by the institutional ethics committee (Istituto Auxologico Italiano IRCCS) and conformed to the principles of the Declaration of Helsinki.
Hemodynamic Protocol
A 7-Fr Swan-Ganz thermodilution catheter (model 131HF7; Baxter Healthcare Corporation) was advanced via the right jugular vein into the pulmonary capillary wedge position. The optimal balloon position was verified by the presence of characteristic wedge pressure waveforms. Pulmonary capillary wedge pressure (PCWP) was measured with the zero level at the midaxillary line. Cardiac output was measured using the thermodilution method; derived hemodynamic variables were calculated by standard formulas. PCWP was averaged over pressure waveform data obtained during a 10-seond interval and expressed as a mean. After a stabilization period of 30 minutes, measurements of all variables were obtained in the resting supine position before cardiopulmonary testing; only PCWP was also calculated at peak exercise.
Noninvasive Hemodynamic Monitoring by Thoracic Bioimpedance
Impedance cardiography was performed using commercial equipment (BioZed; Niccomo). 23 Two dual sensors were placed at the base of the neck under each ear, and 2 were placed on either side of the chest, on the midaxillary line at the level of the xyphoid. A cable with 8 impedance cardiography lead wires was attached to the sensor sites. The cuff of an integrated validated oscillometric blood pressure measuring device cuff was connected to the patient's arm. Recording was performed for 15 minutes; an average report was stored for analysis. For this study, we took into account transthoracic conductance (TFC; thoracic fluid content [TT] =1/Z 0[TT] =1/kΩ) and stroke volume (in milliliters).
Exercise Test Protocol
Exercise was performed on an electrical bicycle using a cardiopulmonary exercise system (V2900; SensorMedics) for breath-by-breath measurements of minute ventilation (VE), oxygen consumption per unit time (VO 2 ), and carbon dioxide production (VCO 2 ). 10 Calibration was performed before each test. Derived entities such as VE for O 2 and CO 2 (VE/VO 2 , VE/ VCO 2 ), respiratory quotient VCO 2 /VO 2 , and respiratory rate were viewed on the monitor online. A 12-lead ECG was monitored, and blood pressure and heart rate were measured every 2 minutes. Tests began with 2 minutes of supine rest and 2 minutes of resting on the bicycle, followed by Anaerobic threshold was calculated by the V-slope method. The VE/VCO 2 slope, relating the rate of increase in ventilation per unit increase in CO 2 production, was calculated by linear regression from averaged VE and VCO 2 data collected until anaerobic compensation. Other variables taken into account were O 2 pulse (mL/beat), the relationship of which with stroke volume has been demonstrated, 24 and resting end-tidal CO 2 pressure (PETCO 2 ), also related to poor ventilatory performance and prognosis. 25 According to test results, patients were classified according to both the Weber-Janicki classes 26 and the ventilatory classes described by Arena et al. 27 
Statistical Analysis
We used commercial software for analysis (OriginPro 7.0; Microcal). Data are expressed as meanAE1 SD. Linear regression with a least squares fitting routine was used for related continuous response with explanatory variables; for each regression, the correlation coefficient R was considered. Differences in the continuous variables between rest and peak exercise were evaluated by paired t test. ANOVA was used to compare variables among groups of patients; when allowed by the F value for multiple comparisons, Bonferroni correction was used to compare pairs of observations. A P value <0.05 was considered significant.
Results

Invasive Hemodynamic Evaluation
As shown in Table 2 , at the baseline hemodynamic evaluation, patients showed moderate pulmonary hypertension (39.5AE10.1 mm Hg) and low resting stroke volume (53.6AE7.1 mL), the latter not related to peak VO 2 (R=0.11, P=0.73). PCWP was slightly increased at baseline (17.2AE6.7 mm Hg) and was significantly related to VE/VCO 2 slope (R=0.80, P<0.01) ( Figure 1A ) and resting PETCO 2 (R=À0.71, P<0.05) (Figure 2A ). At peak exercise, PCWP was increased (32.7AE 11.7 mm Hg, P<0.02 compared with baseline) and maintained a significant relationship with both VE/VCO 2 slope (R=0.80, P<0.01) ( Figure 1B ) and resting PETCO 2 (R=À0.71, P<0.05) ( Figure 2B (Table 2) .
Noninvasive Hemodynamic Evaluation
The results from impedance cardiography and cardiopulmonary tests in the whole population of noninvasively studied patients are illustrated in Table 2 . In parallel to what was observed in patients studied invasively, peak VO 2 (expression of global exercise tolerance) was unrelated to baseline TFC or stroke volume at impedance cardiography (R=0.11 and A B Figure 1 . Relationship between VE/VCO 2 slope and resting (A) and peak (B) pulmonary capillary wedge pressure (PCWP) during cardiopulmonary test in 9 patients undergoing hemodynamic study. VE/VCO 2 indicates minute ventilation-to-carbon dioxide production.
R=0.16, P=0.33 and P=0.22, respectively). VE/VCO 2 slope showed a significant relationship with baseline TFC (R=0.63, P<0.0001) (Figure 3) . A significant relationship with TFC was also present for resting PETCO 2 (R=À0.44, P<0.001) (Figure 4 ). In Table 2 we also show cardiopulmonary and noninvasive hemodynamic data grouped according to the classifications of Weber-Janicki and Arena et al. 26 Regarding
Weber-Janicki classes, comparing only patients in class D with those in class A, we observed a higher VE/VCO 2 slope, lower resting PETCO 2 and peak O 2 pulse, and higher TFC. In contrast, a progressive reduction in peak VO 2 , peak O 2 pulse, and resting PETCO 2 and an increase in TFC values were evident across the whole spectrum of the classification suggested by Arena et al 28 (Table 3 ).
In this group of relatively stable patients undergoing cardiac rehabilitation, only 21 (11%) presented with exercise periodic breathing. This incidence is low compared with other studies, 29 which showed poorer exercise tolerance and more abnormal ventilation (lower peak VO2 and resting PETCO 2 , higher VE/VCO 2 slope); in fact, their small number prevented any statistical analysis.
Discussion
In humans, VE is finely regulated to tightly match VCO 2 ; the relationship between VE and VCO 2 is linear and is relatively constant from rest to moderate exercise unless significant acidosis occurs. 28 Nevertheless, several pathological settings may alter such a relationship. In chronic heart failure, reduced ventilatory efficiency reflects an increased ventilatory demand for every unit of VCO 2 and indicates more severe disease, independently predicting prognosis in addition to or even better than peak VO 2 9,11,25 ; however, the pathophysiological significance of abnormal ventilation has not been completely clarified.
12,27-30 Moreover, because pathophysiology and prognosis are likely to be interrelated, the question arises of whether targeting ventilation and ventilatory control in chronic heart failure could modify its prognosis. 31 The regulation of CO 2 by VE is described by a hyperbolic relationship:
Consequently, in patients with chronic heart failure, VE/VCO 2 slope has been primarily related to increased dead space 32 and to augmented chemoreflex sensitivity. 33 In addition, the vascular tone of pulmonary vessels and right ventricular function have been related to the abnormal ventilatory response to exercise in patients. 10 Finally, invasively measured pulmonary hemodynamics showed a clear relationship of enhanced left ventricular filling pressures with VE/VCO 2 slope 15,33 and with PETCO 2 . 34 Although obtained in a small subset of patients, our invasive results are in keeping with these observations. In the individual patient, any of the mechanisms mentioned may induce an increased ventilatory response to exercise. We observed a strong correlation between VE/VCO 2 slope and PCWP at rest and at peak exercise, confirming that ventilatory inefficiency during effort combines hemodynamic maladaptation to exercise with the hemodynamic derangement already present at rest. 35 The tight connection between VE/VCO 2 slope and PCWP is in keeping with the results of Lewis et al, 10 who studied the effects of sildenafil on hemodynamics and A B Figure 2 . Relationship between resting PETCO 2 and resting (A) and peak exercise (B) pulmonary capillary wedge pressure (PCWP) during cardiopulmonary test in 9 patients undergoing hemodynamic study before the test. PETCO2 indicates end-tidal CO 2 pressure.
ventilatory efficiency in chronic heart failure and showed a relationship between the reduction of PCWP and of VE/VCO 2 after treatment. This finding suggests that a higher starting point for PCWP at rest influenced pulmonary vascular hemodynamics and ventilatory efficiency during exercise.
Thoracic Impedance and Pulmonary Congestion
In a nonselected population of ambulatory heart failure patients, we showed a direct correlation between ventilatory inefficiency during exercise and thoracic fluid content at rest.
The latter index was obtained with a simple noninvasive evaluation that, in our previous studies, was strongly related to PCWP 23 and that was performed similarly to a comprehensive Doppler echocardiogram for detecting high filling pressures and diastolic dysfunction. The correlation of TFC with VE/VCO 2 slope was weaker than that observed between VE/VCO 2 slope and PCWP. It has to be kept in mind that thoracic conductance reflects a balance between intra-and extravascular (ie, interstitial) fluid: Only the former represents the source of PCWP, whereas the remaining fluid depends on lung and interstitial conditions. In this study, we purposely excluded patients with abnormal pulmonary function and restrictive, potentially "wet" lungs, which could have accounted for exercise hyperpnea 37, 38 ; however, we cannot rule out the possibility that part of the conductance we measured depended on extravascular fluid accumulation. The possibility of simultaneously assessing invasive and noninvasive hemodynamics, looking for an increase of transthoracic impedance during exercise similar to that observed with PCWP, would have been useful regarding this issue to further investigate the relationship between PCWP and TFC. 23 Unfortunately, our noninvasive equipment was not suitable for continuous monitoring during exercise, and invasive and noninvasive measurements were obtained at the same time in resting conditions in only 2 patients. Across the Weber-Janicki classes, there was not a clear change in ventilation variables and pulmonary congestion; only class D patients showed abnormalities in these variables. In contrast, the gradual worsening of VE/VCO 2 described by Arena et al 27 was matched by a progressive increase in pulmonary conductance, suggesting that abnormal central hemodynamics may influence ventilation more than exercise capability, which in patients can also depend on physical deconditioning.
1,2,11
Clinical Implications
In our study, impedance cardiography was used as a simple and rapid instrument that was complementary to cardiopulmonary exercise testing in noninvasively assessing the hemodynamic status of patients and evaluating the role of left ventricular filling pressures in exercise pathophysiology. We showed that increased PCWP (measured directly and estimated noninvasively) significantly contributed to abnormal ventilation in chronic advanced heart failure. In other words, rather than low cardiac output or abnormal autonomic balance, congestion may be the crucial component eventually leading to exertional dyspnea. Indeed, hemodynamic derangement and congestion carry significant prognostic information. 39 Furthermore, the concept that treating congestion per se may not only relieve dyspnea but also improve the outcome of patients is currently being investigated in studies noninvasively measuring indexes such as intrathoracic impedance 40 and pulmonary artery pressure. 41, 42 In a given patient, the combination of TFC and VE/VCO 2 slope might indicate if and how pulmonary congestion determines abnormal exercise physiology. With this in mind, the combination of cardiopulmonary testing and impedance cardiography might be viewed as a tool to recognize pulmonary congestion in otherwise asymptomatic patients and to offer them early treatment.
